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Manufacturing 
Nanocrystalline Materials 
Physical Vapor Synthesis 

By Quinton Ford. Director of Marketing. Industrial Products 
Nanophase Technologies Corp., Burr Ridge. III. 
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precwrsor material is then evaporated^ 
any of a variety of eetigy sonrm. ^ 
Atoms of evaporated precursor coDide 
with the cooler atoms of the inert backfill 
ps. These cooler gas Atoms cause the 
evapotttai precoraof to condense sad 
swidify as nanocrystalline panicles of the 
PMcor^If reactive pa is used for back- 
fill instead of Inert gas. the evaporated 
P"f«ttor and gas react, condense and 
solidify as nutocrystailii* pantetes of the 
iOrmed compound. 

The cooling of the gas i$ caused by 
convive enrrenu thai arc created with- 
m me chamber by the temperature gn&. 
em between the energy so We ^ a 



During the past decade, a great deal 
of research and development has 
been focused cm fabricating and 
characterizing nAnoory$ullinc 
materials. With* the industry 
wnoorystallinc materials are cora&oiihr 
defined as crystalline material that have 

2? ^tSP P 3 " 5 * 1 * °f «i» of less 
Own 100 ttnoxjoetecs (0.1 micron). A 
deliberate distinction i$ made between 
nwcryttalJine materials and submicrcm 
cxysmfline materials, which have an 
average particle or grain size of lass than 
1 micron. 

relative percentage of interracial 
atoms to total atoms in a material increas- 
es drastically with decreasing size 
below 100 nanometers (ace Figure I) The 
«*uteim properties of nanoctystaUioe 
raaterxAJ s thus have a much greater depejtK 
dcace on the contribwiona of btejfackl 
«Oms (those atoms on the surface of a 
particle or in the grain boundaries of a 

materia^ Some lajcoDventkmal mechan- 
ical, chemical, electrical, optical and 
magnetic properties exhibited by 
nanooiystalline materials are attributed to 
tins greater dependence oq dxe contribu- 
tes of tacrfecial atoms, 

PROCESSING METHODS 

A ^vide range of techcdipes have beeo 
developed to febricaie nanocty$xaUzne 
materials. The most commonly practiced 
af cheae are gas-phase ooedeosati oa sol- 

jf^J^™** Spray pyrosis aod 

nyarotftermaj processing. The challenw Pereentage # atoms « er*i bowHferie* *t 



production to commercial volumes of 
nanocrystaliine materials with properties 
and economies that allow their use jo 
m^KS&eam applications One of the first 
tecWques to be so scaled, physical vapor 
*ymtetts, is based on the principle* of 
gas-phase coodensation. 

In the 1980s, gas~phase condensation 
was demonstrated to be capable of fabri- 
cating a wide range of ceramic and metal- 
lic wocrystattirve particles. Gas-phase 
enndensatioo involves the evaporation of 
precursor materials in rfedeced-ptessure, 
to« environmenis. Ate equating a 
«arnber, men gas is introduced to create 
mc reduced-jperes^are environment. The 
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Nanocrystalline Materials 



Figure JS 



Figure 3 
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A of pHy*fcal vapor 9y0th&s» product too orachbea b reodied. 



Schematic) «f %H physical vapor tynttaiD tad* tepie. 



Vapor Synthesis 
Jlw (Nijishlng Slurries 

Application of physical vapor synthesis materials is as an 
slurries used in the production of semicojfih 
jnt trends In semiconductor design include decreasing line 
widths and increasing numbers of metal end dielectric layers. These design 
trends present significant issues during pnotolithography steps unless (he lay- 
^ Mpaged ofe ptaw across the entire wafer. A process referred to as 
'^HSpl '^^^ plaaarizatiou (CMP) is gaining widespread acceptance 
an the Industry to polish tbc sputtered metal and dielectric layers on die 
sgtt ^noj ^ryafers to a highly planar state. 
I^P^^ P^o* 1 ^ *V physical vapor synthesis is incorporated into 
Wjty &r ^tanaiiring tungsten metal layers. The slurry is prepared by intro- 
ducing the aluminum oxide powder to water, adding mechanical energy to 
break down agglomerates, and attracting particles comprising the upper end 
of the particte sire distrfourioa. Oridizing chemicals are later Weeded with the 
abrasive slurry just prior to use. 

Slurry containing ahiminum oxide produced by physical vapor synthesis 
has bees evaluated as superior to other slurries in defecdvity and micro 
^atchiiig of tungsten surfaces. The concurrent removal rates and unifonni- 
ties are comparable to those of other shinies. Consequeody, cost of ownership 
can be lowered by tbe overall performance of shiny containing physical vapor 
synthesis aluminum oxide. . 

Cerium oxide produced by physical vapor synthesis is currently being eval- 
uated as an additive to slurries forplanarizarion of dielectric layers. Such slur- 
ries generally contain silica as the sole abrasive component Initial tests indS- 
cat© dial adding a small percentage of cerium oxide to silkaroased slurries can 
increase removal rates to four times the rates of slurries containing no cerium 
oxide. No concurrent degradation of defecoviry, microscratching or uniforms 
ty have been detected. 



cooled collection surface. These eonvec- 
tive currents carry the nanocrystalline 
particles to the coXteecion surface, where 
they are later harvested. The collection 
surface is typically the outer surface of a 
metal lube through which liquid nitrogen 
is passed. 

IMPROVING OUTPUT 

NanocrystaBtae particles produced via 
gas-phase condensation are equiaxed, 
nonporous, free of residua) surface chem- 
icals, and have a narrow particle size dis- 
tribution. However, the reduced-pressure 
conditions and dependence on natural 
convection limit the technique to a low- 
rate batch process. Practically-sized sys- 
tems can produce onty tens of grams of 
nanocryitalhne materials per day, result- 
ing in economies that are not feasible for 
most applications. 

In the early 1990s, scientists at 
Nanophase Technologies developed a 
patented technique based on the principles 
of gas-phase condensation. This technique 
produces particles with similar attributes 
to those produced through gas-phase con- 
densation, while climmrtfruig the need for 
reduced-pressure conditions and die 
dependence on natural convection. The 
technique, named physical vapor syn- 
thesis, operates as a continuous process 
and at significantly increased races com- 
pared to gas phase condensation. 

A single physical vapor synthesis pro- 
duction machine is capable of delivering 
tens of kilograms of oanocrysialline 
materials per day. This provides 
economies that are feasible for a targe 
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Figure 4 
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number of applications. The technique 
has already been successfully scaled to a 
production capacity exceeding 100 ions 
per year, and addition*] capacity can be 
added in a modular fashion as needed 
(we Figure 2). 

COOLING REQUIRED 

In physical vapor synthesis (Figure 3X 
precursor material is introduced &c & con- 
trolled rate into a chamber. Within the 
chamber, a plasma arc formed between 
& nonconsudaabte electrode and the con- 
sumable precursor. The precursor, typi- 
cally a hjgh-purity metal rod, passes 
through the plasma arc and is melted and 
vaporized. 

A quench and/or reactive gas is imro- 
doced to the chamber. Atoms of evapo- 
rcrced precursor collide wirh the cooler 
atoms of the quench gas. The evaporated 
precursor condense* end solidifies as 
nanocryscalllne panicles of the precursor. 
If a reactive gas is also present, it reacts 
with the evaporated precursor, causing 
mux) crystal Line particles of the resultant 
compound to be formed upon condensa- 
tion and solktiScau'on. 

After the nanocrystalllne particles are 
solidified, their temperature is still elevat- 
ed. The particles must be cooled to mini- 
mize agglomeration. Additional "as is 
turbulemly introduced to accelerate coo!- 
ins °f the particles. The gas propel* ihe 
particles into a collector housing. The 
collector housing contains filter media 
thai allows the gas to exit but trap* ihc 
weakly agglomerated nanocryxuHine 
particles, Tht? lunocrystalimc panicles 



Advantages off Physical 
Vapor Synthesis 

Economical 

♦ Narrow panicle size distribution 

♦ Continuous process 

♦ Particle size control 

♦ Nonporous, equuuted particles 

♦ High-purity materials 

♦ Wide range of oxides 

collect on the filter media in the collector 
bousing and are periodically harvested. 

PRODUCT CHARACTERISTICS 

Numerous nanocrystaJline oxides and 
noble metals have been successfully fab- 
ricated using physical vapor syaihem 
These include aluminum oxide* titanium 
dioxide* zinc oxide iron oxide* cerium 
oxlde> yttrium oxide, enpper oxide, mag- 
nesium oxide, manganese oxide, indium- 
tin oxide, palladium, silver, gold and plar- 
taum. 

Non-noble metals are also of commer- 
cial interest in nanocrystaltina form. 
However, in this sue regime, the surfaces 
of these panicles are highly reactive and 
win oxidize when exposed to air. In the 
case of some metals, this oxidation caus- 
es violent combustion. Several methods 
to AtabtlrtM particles art: under develop- 
ment and are expected to allow eventual 
commercialization of these metals. 
Additionally, fabrication of such materi- 



als as nanocrystaHine carbides and 
nitrides win be attempted with modifica- 
tions to the current physical vapor syn- 
thesis practices. 

A metastable phase of a material gen- 
erally results froro physical vapor synthe- 
sis due in the high process temperatures 
and rapid solidification. Particle mor- 
phologies vary with material, although 
mey are commonly equiaxed. Aluminum 
oxide particles produced appear perfectly 
spherical when Imaged by SEM or TEM 
(see Figujre 4)> 

PARTICLE SIZE CONTROL 

Physical vapor synthesis provides su£ 
ficienr control to allow concurrent adjust- 
ment of the specific surface area and the 
average particle size of production mate*' 
rials. Specific surface areas can be varied 
rrom approximately 30 to 90 mVg as 
desired. This corresponds to average par- 
dele Size* ranging from approximately 10 
to 100 nanometers. Based on dose cone- 
ladon between average particle sizes 
measured from TEM images and circu- 
lated from BET specific surface ereas. 
physical vapor synthesis panicles are vir- 
tually nonpofous. 

More important than the average 
panicle siie in most applications is the 
particle size distribution, specifically the 
upper end of the distribution. Physical 
vapor synthesis materials have log nor 
mal distributions, with one eodpoint at a 
few nanometers and another between 
300 and 500 nanometers (see Figure 5). 
Less than \% of the particles me above 
ISO nanometers. 
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Nanocrystalline Materials 



Figure 9 
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Vctama-^ohted panicle distribute or o*tf* produced by phyalcd wepor syn^«l$, 



When the panicles are collected from 
physical vepor synthesis, they are weakly 
agglomerated up to tons of microns. The 
agglomerates can be broken down to the. 
particle size attributions described above 
by such techniques as ulrrasonfcacion. and 



media milling. Further refinement of 
these particle size distributions is also 
possible, eliminating panicles above a 
specific site, 

The overall purity of physical vapor 
synthesis nanocrystalline particles 



approximates the purity of the precursor 
material. Consequently, precursors com- 
mensurate with the overall purity 
requirements of the application ate used. 
Specific impurities of coaeetu for a 
given application can be engineered to 
desired levels. 

APPLICATIONS 

Applications for oxide particles pro- 
duced by physical vapor synthesis have 
already been commercialized and include 
abrasives in polishing sauries for semi- 
conductors, antifungal agents for health 
care and additives to increase the wear 
resistance of polymers. Additional appli- 
cations for oxide and noble metal parti- 
cles are also being developed. These 
include transparent conductive coatings, 
precious metal catalysts and additives to 
provide various functionalities to poly- 
mers. □ 
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